Introduction {#sec1}
============

Newborns can be deficient in vitamin K due to the limited transport of this vitamin through the placental barrier and low concentration in breast milk.^[@ref1]^ Since deficiency of this vitamin may result in spontaneous life-threatening hemorrhages, newborns therefore routinely receive oral vitamin K prophylaxis to prevent vitamin K deficiency bleeding (VKDB). In healthy individuals, orally administered vitamin K is emulsified by naturally occurring bile salts to form mixed micelles together with phospholipids, to facilitate the transfer of vitamin K and other lipophilic vitamins through the mucus layer before being taken up by enterocytes.^[@ref2]^ However, newborns with cholestasis, whose flow of bile from the liver is slowed down or blocked, are at higher risk of developing VKDB despite receiving this prophylaxis.^[@ref3]^ Indeed, more than 80% of infants with cholestasis developed VKDB.^[@ref3]^ A clinical trial in patients with cholestasis showed that the absorption of vitamin K after oral administration of Konakion MM (a clinically used mixed micelle formulation containing glycocholic acid) was low and showed high patient variability.^[@ref4]^ Recent studies have elucidated a possible reason for the failure of Konakion MM to prevent VKDB in infants with cholestasis.^[@ref4],[@ref5]^ Glycocholic acid is one of the components of Konakion MM and has a carboxylic acid group with a p*K*~a~ of 3.8,^[@ref6]^ which ensures, due to charge repulsion, a good colloidal stability of the formulation at pH \> 4. However, the formulation is unstable and aggregates at low gastric pH because of the protonation of the carboxylate group of glycocholic acid, causing coalescence of the micelles.^[@ref7]^ In patients with cholestasis, the extreme low level of bile salts in the small intestine prevents coalesced vitamin K from being resolubilized resulting in an impaired absorption.^[@ref4],[@ref5]^

In our previous study, a PEGylated lipid (DSPE-PEG 2000) was introduced as a micellar component to improve the colloidal stability of the formulation at low pH.^[@ref8]^ It was shown that mixed micelles (PEGylated or non-PEGylated) of around 7 to 11 nm were obtained by a convenient film hydration method followed by triple membrane extrusion. Importantly, coalescence of the formulation at gastric pH, as observed for Konakion MM, was avoided most likely through steric stabilization by DSPE-PEG 2000 in the micelles (size of PEGylated micelles remained 10 nm upon incubation at gastric low pH). Therefore, the PEGylated micelles are expected to arrive intactly in the duodenum. To our knowledge, although the absorption of vitamin K loaded in polymeric micelles, lipid based vehicles, and emulsions has been investigated,^[@ref9]−[@ref11]^ cellular uptake and transport of vitamin K loaded in small sized mixed micelles (\<15 nm) that are stable at low gastric pH have not been reported before. In this study, Caco-2 cells were used as intestinal epithelium model. This human colorectal adenocarcinoma cell line is frequently used for drug absorption studies because these cells have the capability to spontaneously differentiate into cells possessing the morphology and function of enterocytes.^[@ref12]^ Therefore, the objective of the current study was to investigate the influence of PEGylation of mixed micelles on the extent and mechanism of cellular uptake of vitamin K and to investigate this in simulated gastrointestinal environment mimicking the pathological condition of cholestasis.

Experimental Section {#sec2}
====================

The following methods sections are included in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.molpharmaceut.8b00258/suppl_file/mp8b00258_si_001.pdf): Preparation of mixed micelles; size measurements; quantification of the fluorescent probes in the formulations; quantification of vitamin K by HPLC; quantification of protein; uptake of micelles by undifferentiated Caco-2 cells; Western blot analyses of scavenger receptor B1 and Niemann-Pick C1-like 1 (NPC1L1) expression in Caco-2 cells; measurement of trans-epithelial electro resistance (TEER); determination of the extraction efficiency of vitamin K.

Materials {#sec3}
---------

Lecithin (egg phosphatidylcholine, EPC) and 1,2-distearoyl-*sn*-glycero-3-phosphoethanolamine-*N*-\[methoxy(polyethylene glycol)\] (molecular weight of PEG = 2 kDa, DSPE-PEG 2000) were purchased from Lipoid GmbH (Ludwigshafen, Germany). Block lipid transport-1 (BLT-1), Ezetimibe, potassium phosphate monobasic (KH~2~PO~4~), and sodium phosphate dibasic dihydrate (Na~2~HPO~4~·2H~2~O) were purchased from Sigma-Aldrich (Zwijndrecht, The Netherlands) and used to prepare 0.067 M phosphate buffer (2.5 mmol of KH~2~PO~4~ and 4.2 mmol of Na~2~HPO~4~·2H~2~O in 100 mL of reverse osmosis water, pH 7.3). Sodium chloride, sodium hydroxide, ZnAc, and ethanol were purchased from Merck KGaA (Darmstadt, Germany). 1,2-Dioleoyl-*sn*-glycero-3-phosphoethanolamine-*N*-(lissamine rhodamine B sulfonyl) (rhodamine conjugated PE) and fluorescein-labeled 1,2-distearoyl-*sn*-glycero-3-phosphoethanolamine-*N*-\[methoxy(polyethylene glycol)\] (molecular weight 2000, DSPE-PEG-fluorescein) were obtained from Avanti Polar Lipid, Inc. Chloroform was provided by Biosolve (Valkenswaard, The Netherlands). Hoechst dye 33342 was bought from Molecular Probes (Eugene, OR, USA). High glucose (4.5 g/L) Dulbecco's modified Eagle's medium (DMEM), fetal bovine serum (FBS), Hank's balanced salt solution (HBSS), pepsin from porcine stomach mucosa, vitamin K, glycocholic acid hydrate, and all other chemicals and reagents were purchased from Sigma-Aldrich (Zwijndrecht, The Netherlands). Konakion MM was a product manufactured by Roche (Basel, Switzerland). All chemicals and solvents were used without further purification.

Caco-2 Cell Culture {#sec3.1}
-------------------

Caco-2 cells were cultured in Dulbecco's modified Eagle's medium (DMEM, Sigma-Aldrich) supplemented with 10% fetal bovine serum (FBS, Sigma-Aldrich). For transport experiments, the medium was further supplemented with 100 U/mL penicillin and 100 U/mL streptomycin to prevent bacterial growth during the measurement of TEER values ([Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.molpharmaceut.8b00258/suppl_file/mp8b00258_si_001.pdf) section 1.8) and 1% nonessential amino acids. The culture flasks and the transwell plates were placed in an incubator at 37 °C with 5% CO~2~.

Uptake Kinetics of Rhodamine-DSPE Labeled Mixed Micelles and Vitamin K by Caco-2 Cells {#sec3.2}
--------------------------------------------------------------------------------------

Caco-2 cells were seeded at a density of 1 × 10^5^ cells per well in a 96-well plate 3 weeks before the uptake study and cultured as described in [Caco-2 Cell Culture](#sec3.1){ref-type="other"} to obtain a confluent monolayer of differentiated cells. Rhodamine-PE labeled vitamin-K-loaded mixed micelles in blank DMEM (PEGylated or non-PEGylated) (150 μL, 2.5 μM rhodamine-PE) were added to the cells and incubated for 0.5, 2, and 4 h, respectively. Subsequently, the liquids were removed, and the monolayers of Caco-2 cells were washed 3 times with PBS and exposed to Hoechst dye 33342 (5 μM in 150 μL of blank DMEM) for 20 min to stain the nuclei of Caco-2 cells. Images were acquired using CV 7000 high content imaging system (Yokogawa Electric Corporation, Tokyo, Japan) with excitation at 405 nm (nuclei staining), 488 nm (fluorescein staining), and 561 nm (rhodamine staining) at 60× water immersion objective.

Uptake kinetics of vitamin K from 0.5 to 4 h was investigated at a concentration of 0.56 mM vitamin K (PEGylated or non-PEGyated in blank DMEM). After exposure to the micelles, cells were washed three times with PBS and subsequently exposed to RIPA lysis buffer (150 mM NaCl, 1.0% Triton X-100, 1% sodium deoxycholate, 0.1% SDS, 50 mM Tris-HCl, 2 mM EDTA, pH 8.0) for 10 min at 37 °C to obtain cell lysates, which were analyzed with micro BCA protein assay kit (Thermo Fisher Scientific, Perbio Science Nederland B.V.) and HPLC to obtain the total amount of protein and vitamin K, respectively (see [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.molpharmaceut.8b00258/suppl_file/mp8b00258_si_001.pdf) sections 1.4 and 1.5).

Uptake of Mixed Micelles by Caco-2 Cells As Studied by Fluorescence Activated Cell Sorting Analysis (FACS) {#sec3.3}
----------------------------------------------------------------------------------------------------------

Caco-2 cells were seeded in a 24-well plate at a density of 1 × 10^5^ cells per well and cultured for 3 weeks as described in [Caco-2 Cell Culture](#sec3.1){ref-type="other"}. Subsequently, the monolayers of Caco-2 cells were washed with PBS, and 200 μL of non-PEGylated or PEGylated mixed micelles loaded with vitamin K (1.4 mM) and labeled with fluorescein-DSPE-PEG was added. Fluorescein conjugated DSPE-PEG labeled mixed micelles were used for fluorescence activated cell sorting analysis (FACS) (FACSCalibur; BD Biosciences) because the FACS instrument has a specific FITC channel. After incubation for 2 h at 4 and 37 °C, respectively, the medium was removed, and the cells were washed three times with PBS. Subsequently, 90 μL of solution of 0.02% EDTA and 0.05% trypsin solutions (Sigma) were added to detach the cells from the wells, and after 10 min, 200 μL of PBS was added to suspend the cells. The obtained cell suspensions were centrifuged for 5 min at 400 × *g*. The supernatants were removed, and 200 μL of PBS was added to resuspend the cells. The cell suspensions were subsequently analyzed by FACS using the FITC channel. The mean fluorescence signal in six quadrants was analyzed using FlowJo software based on 10,000 cells. Caco-2 cells treated with PBS were used as a control.

Effect of Inhibitors of Scavenger Receptor B1 and NPC1L1 on the Uptake of Vitamin K Loaded in Mixed Micelles {#sec3.4}
------------------------------------------------------------------------------------------------------------

BLT-1 was dissolved in DMSO at different concentrations of 0.1, 0.5, and 2.0 mM, respectively. Subsequently, the solutions were diluted 200 times with blank DMEM to 0.5, 2.5, and 10 μM, respectively. Ezetimibe was dissolved in DMSO at different concentrations of 4, 8, and 20 mM, respectively. Subsequently, the solutions of ezetimibe were diluted 200 times with blank DMEM to 20, 40, and 100 μM, respectively. Cells were preincubated with 150 μL of BLT-1 or ezetimibe at above different concentrations for 1 h at 37 °C, and subsequently, 150 μL samples of the different mixed micelle formulations (compositions are described in [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.molpharmaceut.8b00258/suppl_file/mp8b00258_si_001.pdf) section 1.1) were incubated with the cells for 2 h at 37 °C. Subsequently, mixed micelles were removed, and the cells were washed three times with PBS. Trypsin/EDTA (200 μL, 5 g/L trypsin, and 2 g/L EDTA, Sigma) was added and incubated for 30 min to detach cells, and 400 μL of RIPA buffer (150 mM NaCl, 1.0% Triton X-100, 1.0% sodium deoxycholate, 0.1% SDS, 50 mM Tris-HCl, 2 mM EDTA, pH 8.0) was added to the wells to lyse the cells. The cell lysates were stored in −20 °C before quantification of vitamin K uptake as in [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.molpharmaceut.8b00258/suppl_file/mp8b00258_si_001.pdf) sections 1.4 and 1.5.

Separation of Chylomicrons from Caco-2 Cells {#sec3.5}
--------------------------------------------

Caco-2 cells were cultured in a 24-well plate at a density of 1 × 10^5^ cells per well for 3 weeks as described in [Caco-2 Cell Culture](#sec3.1){ref-type="other"}. Caco-2 cell monolayers were incubated for 1 h with 200 μL of Hank's balanced salt solution (HBSS, pH 7.4, 137 mM NaCl, 5.4 mM KCl, 0.25 mM Na~2~HPO~4~, 5.55 mM glucose, 0.44 mM KH~2~PO~4~, and 4.2 mM NaHCO~3~) supplemented with 25 mM HEPES, 40 mg/mL BSA, 0.5 mM taurocholate, and 2 mM oleic acid. Oleic acid was added to enhance the formation of chylomicrons because oleic acid can influence secretion of chylomicrons by Caco-2 cells.^[@ref13],[@ref14]^ Next, HBSS was removed, and 400 μL of mixed micelles (with and without PEG coating, at 1.4 mM vitamin K in blank DMEM) was incubated with the cells for 2 h. Subsequently, the cells were washed three times with PBS and incubated with trypsin/EDTA (200 μL) to detach the cells. PBS (400 μL) was added to the wells to obtain homogeneous cell suspensions. Subsequently, the cells from two wells were pooled, and the cell suspensions were centrifuged at 300 × *g* for 5 min. Subsequently, the supernatants were removed, and the cells were suspended in 1.2 mL of PBS. Next, the cell suspensions were subjected to three freeze--thaw cycles by being immersed in liquid nitrogen/ice cold water to lyse the cells (RIPA buffer was not used because detergents from RIPA buffer may destroy chylomicrons). Subsequently, the samples were centrifuged at 300 × *g* for 5 min to remove cellular debris, and samples of the supernatants (20 μL) were analyzed to determine the amount of protein as described in [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.molpharmaceut.8b00258/suppl_file/mp8b00258_si_001.pdf) section 1.5. The supernatants (1 mL) were added to 9 mL of 3.4 M NaCl solution to obtain dispersions with a density of 1.2 g/mL. Next, reverse osmosis water (500 μL) was gently put on top of the samples to have two layers due to their different density, and the intracellular chylomicrons (with a density \< 0.95 g/mL)^[@ref15]^ were separated by ultracentrifugation at 10,000 rpm for 30 min according to the method of Nauli et al. (Optima L-90K Ultracentrifuge, Beckman Coulter, Inc.).^[@ref13]^ The water layer (400 μL) on the top that contained the chylomicrons was collected and homogenized. Subsequently, 20 μL was diluted with 60 μL of PBS, and the amount of ApoB~48~ (from the chylomicrons) was quantified using a sandwich ELISA kit according to the manufacturer's protocol (Bio-Connect Diagnostics BV, Huissen, The Netherlands). To measure the vitamin K content in the same water layer that contained the chylomicrons, 50 μL sample of the same water layer on the top was added to 450 μL of ethanol, and the samples were vortexed for 1 min and then centrifuged at 8000 rpm for 10 min. Samples of the supernatants (100 μL) were analyzed by HPLC to measure the amount of vitamin K as described in [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.molpharmaceut.8b00258/suppl_file/mp8b00258_si_001.pdf) section 1.4. The collected chylomicrons dispersion (10 μL, from the top layer) after ultracentrifugation was studied by transmission electron microscopy (TEM, Tecnai 10, Philips, and 100 kV) using the same approach as described in our previous publication.^[@ref8]^

Transport of Vitamin-K-Loaded Mixed Micelles through Caco-2 Cells {#sec3.6}
-----------------------------------------------------------------

Caco-2 cells were seeded on a polyester membrane with 0.4 μm pore size (Transwell, 24-well, Corning) at a density of 1 × 10^5^ cells per insert and grown for 3 weeks.^[@ref16],[@ref17]^ One milliliter of supplemented HBSS (composition given in [Separation of Chylomicrons from Caco-2 Cells](#sec3.5){ref-type="other"}) was added to the basolateral side of the transwell. Next, 200 μL of blank HBSS was added to the apical side of the transwell, and the cells were incubated for 1 h at 37 °C. Subsequently, the medium from the apical side of the transwell was removed. Next, the cells were washed three times with PBS and replaced with donor solution (200 μL of mixed micelle dispersions in blank HBSS, at a concentration of 1.4 mM vitamin K). Samples (500 μL) were withdrawn from the basolateral side of the transwell at different time points (30, 60, 90, 120, 150, 180, and 210 min) and replaced by the same volume of above-mentioned supplemented HBSS.

A sample of the basolateral medium (200 μL) was transferred into a 1.5 mL polypropylene tube, and 300 μL of ethanol was added to precipitate the proteins with brief agitation. After being vortexed for 1 min, 0.75 mL of *n*-hexane was added, and the contents were mixed vigorously. The samples were centrifuged for 10 min at 8000 rpm at room temperature to separate the upper hexane layer from the lower water/ethanol layer and precipitated proteins. The upper hexane layer was quantitatively transferred into a disposable glass tube. The lower layer was extracted with another 0.75 mL of hexane as described above. The above two hexane layers were pooled and evaporated to dryness under vacuum at room temperature. Next, 200 μL of mobile phase (see [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.molpharmaceut.8b00258/suppl_file/mp8b00258_si_001.pdf) section 1.4) was added, the samples were vortexed for 2 min, and subsequently, 100 μL of the above sample was injected onto the HPLC column and analyzed as described in [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.molpharmaceut.8b00258/suppl_file/mp8b00258_si_001.pdf) section 1.4.

Uptake of Vitamin-K-Loaded Mixed Micelles by Caco-2 Cells under Simulated Gastrointestinal Conditions {#sec3.7}
-----------------------------------------------------------------------------------------------------

To mimic cholestatic *in vivo* conditions, fasted simulated gastric fluid (FaSSGF, 20.0 μM lecithin, 34.2 mM NaCl, and 0.1 mg/mL pepsin) and intestinal fluid without bile salt (FaSSIF, 0.8 mM EPC, 106.0 mM sodium chloride, and 25.4 mM sodium phosphate monobasic) were prepared according to a previous publication.^[@ref18]^ Non-PEGylated micelles (1.50 mL) or PEGylated micelles with 5.6 mM vitamin K were added to 0.75 mL of FaSSGF, and 0.24 mL of a 1 M HCl solution was added to yield a pH of 1.5. The dispersions were incubated for 1 h at 37 °C with slow rotating at 50 rpm on a rotary shaker in an incubator (Binder, Germany). Subsequently, 0.75 mL of FaSSIF and 0.24 mL of a 1 M NaOH solution (to yield a pH of 6.5) was added, and the dispersions were incubated for 1 h at 37 °C (not on a rotary shaker, but rotated manually every 20 min). Subsequently, two methods were applied to collect samples to analyze the amount of vitamin K before incubation with Caco-2 cells. Method 1, 0.5 mL of dispersions of the top layer (without disturbing the precipitated vitamin K at the bottom) was diluted with blank DMEM (0.38 mL); Method 2, dispersions were vortexed for 1 min; subsequently , dispersions of 0.5 mL were diluted with blank DMEM (0.38 mL). As a control, mixed micelles (1.50 mL, 5.6 mM vitamin K) were diluted with 1.98 mL of phosphate buffer (0.067 M, pH 7.3), and the samples (0.5 mL) were diluted with blank DMEM (0.38 mL). Subsequently, Caco-2 cell monolayers (that were seeded in a 24-well plate at a density of 1 × 10^5^ cells per well and cultured for 3 weeks as described in [Caco-2 Cell Culture](#sec3.1){ref-type="other"}) were incubated with the different samples for 2 h at 37 °C. Subsequently, the cells were washed three times with PBS and subsequently exposed to RIPA buffer to obtain cell lysates that were analyzed by micro BCA protein assay kit and HPLC for protein and vitamin K concentration, respectively, as described in [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.molpharmaceut.8b00258/suppl_file/mp8b00258_si_001.pdf) sections 1.4 and 1.5.

Statistical Analysis {#sec3.8}
--------------------

Statistical analysis was performed using Prism 7.0 software (GraphPad Software Inc.). Kurskal--Wallis test with Dunn's multiple comparisons test (\*\*\**p* \< 0.0001) was used as indicated in the figure legends.

Results {#sec4}
=======

Uptake of Vitamin-K-Loaded Mixed Micelles by Caco-2 Cells {#sec4.1}
---------------------------------------------------------

Details of the preparation and characterization (size and composition) of the micelles with or without DSPE-PEG can be found in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.molpharmaceut.8b00258/suppl_file/mp8b00258_si_001.pdf) sections 1.1, 1.2, 1.3, 2.1, Figure S1, and Table S1. Vitamin-K-loaded micelles had hydrodynamic diameters of around 10 nm. The effect of PEGylation on the uptake kinetics of the vitamin K loaded mixed micelles was investigated. Both the uptake of fluorescently labeled lipid (rhodamine-PE, [Supplemental Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acs.molpharmaceut.8b00258/suppl_file/mp8b00258_si_001.pdf)) and vitamin K ([Supplemental Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acs.molpharmaceut.8b00258/suppl_file/mp8b00258_si_001.pdf)) were significantly higher when loaded in non-PEGylated micelles than in PEGylated micelles (as summarized in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}A). The uptake of fluorescently labeled micelles and vitamin K showed similar kinetics and their uptake ratio (defined as rhodamine fluorescence intensity divided by the correlating uptake of vitamin K) remained constant (around 220 au/(nmol/mg protein) for both non-PEGylated and PEGylated micelles, see [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}B).

![(A) Fluorescence intensity of rhodamine signal shown in rhodamine channel from confocal laser scanning microscopy pictures of [Supplemental Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acs.molpharmaceut.8b00258/suppl_file/mp8b00258_si_001.pdf) at different incubation times (0.5, 2.0, and 4.0 h) (black, left *y*-axis) and time-dependent uptake of vitamin K upon incubation of Caco-2 cells with mixed micelles (non-PEGylated and PEGylated micelles) at 37 °C and at a concentration of 0.56 mM vitamin K (gray, right *y*-axis). (B) Uptake ratio (defined as rhodamine fluorescence intensity divided by the correlating uptake of vitamin K) at different time points from 0.5 to 4.0 h.](mp-2018-002586_0001){#fig1}

Receptor Mediated Uptake of Vitamin-K-Loaded Mixed Micelles by Caco-2 Cells {#sec4.2}
---------------------------------------------------------------------------

To investigate whether the uptake pathway of vitamin-K-loaded mixed micelles is energy dependent, they were labeled with fluorescein-DSPE-PEG, and cellular uptake was evaluated by FACS at both 4 and 37 °C. After 2 h of incubation at 37 °C, the amount of vitamin K taken up by or associated with cells was concentration dependent: when the concentration of vitamin K increased from 0.22 to 1.40 mM, association increased from 6.8 ± 0.7 to 16.2 ± 2.5 nmol/mg protein for non-PEGylated micelles and from 3.4 ± 0.8 to 9.6 ± 0.9 nmol/mg protein for PEGylated mixed micelles, respectively ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}A). Totals of 86.8 ± 2.9 and 97.1 ± 1.7% of the cells were associated with fluorescence from PEGylated micelles and non-PEGylated micelles, respectively ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}B). At 4 °C, these values decreased to 7.0 ± 2.5 and 37.4 ± 7.8%, respectively ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}B), while uptake was still concentration dependent ([Supplemental Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acs.molpharmaceut.8b00258/suppl_file/mp8b00258_si_001.pdf)). The inhibition of uptake of fluorescently labeled micelles ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}C) and vitamin K at 4 °C, as compared to 37 °C, would indicate that the uptake mechanism is carrier mediated^[@ref19]^ because carrier-mediated processes are energy dependent and thus minimal at 4 °C.^[@ref20],[@ref21]^ The uptake of fluorescein-labeled mixed micelles by undifferentiated Caco-2 cells, which are not grown to confluency, was also significantly lower at 4 °C than that at 37 °C after 2 h of incubation ([Supplemental Figure S4B/C](http://pubs.acs.org/doi/suppl/10.1021/acs.molpharmaceut.8b00258/suppl_file/mp8b00258_si_001.pdf)), suggesting that the involved carriers were also present in these undifferentiated cells.

![(A) Uptake of vitamin K upon incubation of Caco-2 cells with mixed micelles of two different compositions (PEGylated and non-PEGylated) at different concentrations of vitamin K (0.22, 0.56, and 1.40 mM) after 2 h at 37 °C; results are expressed as mean ± SD (*n* = 3). (B) FACS histograms of Caco-2 cells exposed to PBS (controls), and fluorescein-DSPE-PEG labeled non-PEGylated and PEGylated micelles; results from one representative experiment are shown. (C) Corresponding mean fluorescence intensities are expressed as mean ± SD (*n* = 3).](mp-2018-002586_0002){#fig2}

Two receptors have previously been suggested as being involved in vitamin K uptake, i.e., scavenger receptor B1 protein and NPC1L1 protein.^[@ref10],[@ref22]^ Western blot analysis with β-actin as a reference was used to confirm whether these receptors were expressed in the cell membrane of undifferentiated and differentiated Caco-2 cells (see [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.molpharmaceut.8b00258/suppl_file/mp8b00258_si_001.pdf) section 1.7 and Figure S5C). An 80 kDa scavenger receptor B1 protein was detected in both undifferentiated and differentiated cells but at higher concentration in the latter ones ([Supplemental Figure S5A](http://pubs.acs.org/doi/suppl/10.1021/acs.molpharmaceut.8b00258/suppl_file/mp8b00258_si_001.pdf)), while the 150 kDa NPC1L1 protein was detected in differentiated cells only ([Supplemental Figure S5B](http://pubs.acs.org/doi/suppl/10.1021/acs.molpharmaceut.8b00258/suppl_file/mp8b00258_si_001.pdf)).

To check the contribution of NPC1L1 to the uptake of vitamin K from the micelles, ezetimibe was used as inhibitor of this receptor.^[@ref10],[@ref22]^ In the presence of ezetimibe, the uptake of vitamin K in differentiated cells was only slightly reduced from 16.2 ± 2.5 to 13.0 ± 1.9 nmol/mg protein for non-PEGylated micelles, and no significant changes were observed for PEGylated micelles ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}A). In the presence of BLT-1 (10 μM), which is an inhibitor of scavenger receptor B1, the uptake of vitamin K by differentiated cells decreased significantly from 16.2 ± 2.5 to 3.4 ± 1.1 nmol/mg protein and from 9.6 ± 0.9 to 1.3 ± 0.6 nmol/mg protein for non-PEGylated micelles and PEGylated micelles, respectively ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}B).

![Effect of different concentrations of the inhibitor ezetimibe (A) and BLT-1 (B) on the uptake of vitamin-K-loaded mixed micelles (1.4 mM vitamin K, 2 h incubation at 37 °C) by differentiated Caco-2 cells; results are expressed as mean ± SD (*n* = 3).](mp-2018-002586_0003){#fig3}

Separations and Characterization of Chylomicrons {#sec4.3}
------------------------------------------------

Chylomicrons are cellular components (lipoproteins) that are responsible for the excretion of lipophilic compounds including vitamin K to the basolateral sites of polarized endothelium.^[@ref23]^ Although undifferentiated Caco-2 cells can take up vitamin-K-loaded micelles ([Supplemental Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acs.molpharmaceut.8b00258/suppl_file/mp8b00258_si_001.pdf)), they will fail to transport the taken up micelles as Caco-2 cells can secrete chylomicrons only after differentiation.^[@ref24]^ As apolipoprotein B~48~ is a major protein constituent of chylomicrons, these particles can be detected and quantified by measuring ApoB~48~.^[@ref13]^ In our study, chylomicrons were isolated from lysed differentiated cells by ultracentrifugation.^[@ref13]^ The morphology of chylomicrons was studied by TEM analysis and shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}A. Particle size of approximately 90 nm is in accordance with the size of chylomicrons as reported in the literature (with diameter above 80 nm).^[@ref13]^ The amounts of vitamin K and ApoB~48~ in the chylomicrons fraction were determined by HPLC and a sandwich ELISA kit, respectively. The amount of ApoB48 in the chylomicrons fraction was similar (194.3--204.6 ng/mg protein) for both untreated cells and cells incubated with vitamin K loaded mixed micelles with and without PEG coating ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}B). As shown by [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}C, the concentration of vitamin K in the chylomicrons fraction was 0.29 and 0.16 ng/mg protein for cells incubated with vitamin-K-loaded mixed micelles without and with PEG coating, respectively, which is in accordance to the above observed differences in uptake using non-PEGylated and PEGylated micelles ([Supplemental Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acs.molpharmaceut.8b00258/suppl_file/mp8b00258_si_001.pdf)).

![(A) Representative TEM image of isolated chylomicrons. Amount of ApoB~48~ (B) and vitamin K (C) per mg of cellular protein in chylomicrons.](mp-2018-002586_0004){#fig4}

Transport Studies {#sec4.4}
-----------------

Monolayers of differentiated Caco-2 cells were used to determine the transport of vitamin K when formulated in different mixed micelles. TEER values are commonly used to evaluate the integrity of Caco-2 cell monolayers, which are acceptable when the TEER value exceeds 300 Ω·cm^2^.^[@ref25],[@ref26]^ TEER of the monolayers increased during differentiation and reached a plateau of around 900 Ω × cm^2^ after 14 days ([Supplemental Figure S6](http://pubs.acs.org/doi/suppl/10.1021/acs.molpharmaceut.8b00258/suppl_file/mp8b00258_si_001.pdf)). To minimize adsorption of vitamin K onto the well plate surface^[@ref27]^ and to increase its solubility in the medium, BSA and taurocholate were added to the basolateral HBSS medium.^[@ref12],[@ref28]−[@ref30]^ As chylomicrons play an important role in the transport of vitamin K by epithelium cells (see above), oleic acid was also added to the HBSS medium to induce chylomicron assembly and secretion.^[@ref30],[@ref31]^

To determine the extraction efficiency of vitamin K from the basolateral medium, known amounts of vitamin K in ethanol or different formulations (non-PEGylated and PEGylated micelles) were added to HBSS (at 10, 50, and 100 ng, respectively) and extracted with hexane. The results of [Supplemental Table S2](http://pubs.acs.org/doi/suppl/10.1021/acs.molpharmaceut.8b00258/suppl_file/mp8b00258_si_001.pdf) show that the average extraction efficiency was 83%.

The effect of PEGylation of mixed micelles on the transport through monolayers of Caco-2 cells was evaluated. The permeability coefficients were determined from the linear slope of the plots of cumulative amounts of transported vitamin K against time ([Supplemental Figure S7](http://pubs.acs.org/doi/suppl/10.1021/acs.molpharmaceut.8b00258/suppl_file/mp8b00258_si_001.pdf)) and were calculated using the equation: *P*~app~ (cm/s) = (d*Q*/d*t*)/(*AC*~0~), where d*Q*/d*t* is the steady-state flux (ng/s), *A* is the surface area of the inset membrane (0.33 cm^--2^ for a 24-well plate), and *C*~0~ (ng/mL) is the donor concentration of vitamin K at the apical side.^[@ref32]^ The permeability coefficients were (3.2 ± 0.3) × 10^--7^ and (1.1 ± 0.5) × 10^--7^ cm/s for non-PEGylated micelles and PEGylated micelles, respectively ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}). This means that PEGylation reduced the transport of vitamin K loaded in mixed micelles through Caco-2 cell monolayers, which is in agreement with the observed reduction in uptake when micelles were PEGylated ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}A).

![Permeability coefficients for the transport of vitamin K loaded in mixed micelles (with and without PEG coating) through Caco-2 cell monolayers; results are expressed as mean ± SD (*n* = 3).](mp-2018-002586_0005){#fig5}

Uptake of Vitamin K in Simulated Gastrointestinal Fluids {#sec4.5}
--------------------------------------------------------

To mimic the *in vivo* fate of micelles in the gastrointestinal (GI) of pathological cholestasis conditions, mixed micelles (with and without PEG coating) were exposed to fasted simulated gastric fluid (FaSSGF) and subsequently to fasted simulated intestinal fluid (FaSSIF) without taurocholate. Two methods of collecting samples for an uptake study were conducted and compared (methods 1 and 2 as described in [Uptake of Vitamin-K-Loaded Mixed Micelles by Caco-2 Cells under Simulated Gastrointestinal Conditions](#sec3.7){ref-type="other"} and illustrated in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}A).

![Schematic illustration of mimicking GI conditions (A) and uptake of vitamin K by Caco-2 cell monolayers upon incubation in FaSSGF (for 1 h) and FaSSIF (for 1 h) at 37 °C, respectively (B). As a control, mixed micelles were also directly diluted to the same concentration with phosphate buffer (0.067 M, pH 7.3). Results are expressed as mean ± SD (*n* = 3).](mp-2018-002586_0006){#fig6}

Using method 1, recovery of vitamin K in the supernatant from non-PEGylated mixed micelles was 47.9 ± 6.5%, indicating precipitation and a significant loss of vitamin K during exposure to the GI conditions. When this supernatant was added to the Caco-2 cell monolayer, the uptake of vitamin K from non-PEGylated mixed micelles was reduced from around 16.2 ± 2.5 nmol/mg protein (micelles in physiological buffer) to 1.6 ± 0.2 nmol/mg protein ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}B). However, when the treated samples were first homogenized by vortexing (method 2), recovery of vitamin K was 94.7 ± 2.5%, but the uptake was still somewhat reduced to 7.6 ± 0.6 nmol/mg protein. Importantly, for PEGylated mixed micelles, recovery was 92% and uptake of vitamin K was around 8 nmol/mg protein ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}B), no matter whether these micelles were exposed to the GI fluids with sampling method 1 or 2. Moreover, uptake was similar compared to the control samples (micelles stored in physiological buffer: 9.6 ± 0.9 nmol/mg protein).

Discussion {#sec5}
==========

PEG coating functions as a steric barrier and reduces the interaction between mixed micelles and the cell membrane of Caco-2 cells, explaining the reduced cellular uptake of the payload.^[@ref33],[@ref34]^ Despite this reduction, the uptake of vitamin K and fluorescently labeled mixed micelles showed similar kinetics, both with and without PEG coating, and their uptake ratio (defined as rhodamine fluorescence intensity divided by the correlating uptake of vitamin K) remained constant, which indicates that micelles (with and without PEG coating) were likely taken up simultaneously with vitamin K. A recent study also unveiled that lipid nanocapsules as well as polymeric micelles retained their integrity after crossing a human intestinal epithelium model of Caco-2 cells.^[@ref35],[@ref36]^

Although passive diffusion is temperature dependent,^[@ref19]^ which can to some extent also explain the reduced uptake of vitamin K at 4 °C, our results strongly support that the concentration- and energy-dependent uptake is carrier mediated. Caco-2 cells were previously used as an epithelium model to investigate the uptake mechanism via NPC1L1,^[@ref37]−[@ref39]^ which was considered as being one of the possible receptors involved in uptake of vitamin K.^[@ref22]^ Western blot results in [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.molpharmaceut.8b00258/suppl_file/mp8b00258_si_001.pdf) Figure S5 indeed showed the expression of NPC1L1 in the differentiated Caco-2 cell monolayers. However, an inhibitor of NPC1L1 did not reduce the uptake of vitamin K. Together with the observation that NPC1L1 is not expressed in undifferentiated cells ([Supplemental Figure S5B](http://pubs.acs.org/doi/suppl/10.1021/acs.molpharmaceut.8b00258/suppl_file/mp8b00258_si_001.pdf)) while these were still able to take up the micelles ([Supplemental Figure S4A](http://pubs.acs.org/doi/suppl/10.1021/acs.molpharmaceut.8b00258/suppl_file/mp8b00258_si_001.pdf)), this suggests that NPC1L1 is not involved in the uptake of vitamin K from the micelles. Maria et al. report that scavenger receptor type B1 is expressed in the brush-border membrane of human enterocytes from the duodenum to the rectum.^[@ref40]^ They also proved that SR-BI mRNA was expressed in Caco-2 cells and that its expression levels increased concomitantly with cell differentiation.^[@ref40]^ An inhibitor of scavenger receptor B1 (BLT-1) decreased cellular uptake of vitamin K significantly, i.e., by ∼80% compared to the uptake in the absence of this inhibitor. Therefore, scavenger receptor B1 is suggested to be a main carrier that mediated the energy-dependent uptake of vitamin-K-loaded micelles (with and without PEG coating). In another report, it was shown that scavenger receptor type B1 was able to cluster in caveolae-like domains on the surfaces of cells,^[@ref41]^ and we hypothesize that these clusters mediate the internalization of intact micelles into enterocytes via endocytosis. The presence of vitamin K in chylomicrons further indicates that vitamin K is most probably packed into chylomicrons after internalization by Caco-2 cell monolayers.

Previous studies reported a relationship between the bioavailability and their permeability coefficients in Caco-2 cell monolayers.^[@ref42]−[@ref44]^ Drugs that are (almost) quantitatively absorbed in humans have permeability coefficients \>1 × 10^--6^ cm/s, drugs that are absorbed \>1% but \<100% have permeability coefficients of 0.1--1.0 × 10^--6^ cm/s, while drugs that are essentially not absorbed (\<1%) have permeability coefficients of \<1 × 10^--7^ cm/s.^[@ref43]^ Based on this, the permeability coefficient of 3.2 × 10^--7^ cm/s as we observed for non-PEGylated micelles would have a bioavailability of around 40--60%. Indeed, for Konakion MM the bioavailability was reported to be 27--80% with substantial inter- and intraindividual variations,^[@ref45]^ and about 50% according to Medicine Information of Konakion MM.^[@ref46]^ Although the permeability for the PEGylated micelles was lower than that for the non-PEGylated ones, those micelles would still provide a reasonable bioavailability of 13--20% according to these predictions.

Concentration of vitamin K and EPC in commercial Konakion MM (i.e., non-PEGylated micelles) is 22.4 and 100 mM, respectively. Considering dilution (20--100 times) of Konakion MM after oral dosing, we prepared vitamin-K-loaded mixed micelles at 5.6 mM vitamin K and further diluted them by 4--25-fold to reach similar concentrations (1.4 to 0.22 mM).

To simulate the conditions in the stomach, we incubated the micelles in regular FaSSGF since gastric pH for neonates rapidly falls within 3 to 5 h after birth to adult value,s^[@ref47]−[@ref50]^ and full term newborns have a gastric pH between 1 and 3 like in the FaSSGF used in our studies.^[@ref47]^*In vitro* biorelevant simulated fluids like FaSSGF and FaSSIF are well validated in a previous study.^[@ref18]^ To our knowledge, in newborn infants the luminal bile salt concentration is much lower than in adults (i.e., 1--5 mM during digestion),^[@ref51]−[@ref53]^ but in our studies, bile salts were not added in FaSSIF to mimic cholestasis condition.

Further, in these in vitro simulations we did not include enzymes. Key enzymes in intestinal fat digestion are different in newborns than later in life. In newborns, the pancreas expresses low levels of colipase-dependent pancreatic triglyceride lipase.^[@ref54]^ Pancreatic lipase-related protein 2 (PLRP2) can contribute to fat digestion during early infancy.^[@ref55]^ Lipases could affect the micelles by hydrolysis of PEG-DSPE. In fact, cleavage of PEG from the micelles in the intestine just before the uptake by the epithelial cells will be favorable to the uptake of vitamin K. The development of *in vitro* intestinal lipolysis models^[@ref56]^ will be interesting for future experiments to investigate the complex interplay of micelles with PLRP2 and other lipases.

To summarize the above, PEGylated mixed micelles displayed a two- to three-fold reduction in both cellular uptake and transport at neutral pH, as compared to non-PEGylated micelles. However, this reduction was counterbalanced by the observation that the uptake of vitamin K from PEGylated mixed micelles increased four- to five-fold at simulated cholestatic gastrointestinal conditions because those PEGylated micelles showed good colloidal stability at this low pH, whereas non-PEGylated mixed micelles showed coalescence and precipitation at low pH. Apparently, once coalesced, the non-PEGylated particles are difficult to be redispersed causing poor uptake by the Caco-2 cells. This phenomenon probably explains why the non-PEGylated micelles (i.e., Konakion MM) showed poor bioavailability in human patients suffering from cholestasis.^[@ref3]−[@ref5]^

In summary, the present study shows that scavenger receptor B1 participates in the absorption of vitamin K when loaded in both PEGylated and non-PEGylated mixed micelles probably via endocytosis of intact micelles, which are likely subsequently packed into by chylomicrons after internalization by Caco-2 cell monolayers. Interestingly, PEGylated mixed micelles are more stable upon exposure to simulated gastrointestinal conditions, and as a result, they do show overall a higher cellular uptake efficiency of vitamin K as compared to mixed micelles without PEG coating in the absence of bile. Therefore, these PEGylated mixed micelles are promising formulations to be orally administrated for treatment of patients with cholestasis.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acs.molpharmaceut.8b00258](http://pubs.acs.org/doi/abs/10.1021/acs.molpharmaceut.8b00258).Preparation and physical (size) and chemical characterization of micelles, uptake of micelles by undifferentiated Caco-2 cells, Western blot analyses of scavenger receptor B1 and Niemann-Pick C1-like 1 (NPC1L1) expression in Caco-2 cells, measurement of trans-epithelial electroresistance (TEER) of Caco-2 cell culture, and determination of the extraction efficiency of vitamin K([PDF](http://pubs.acs.org/doi/suppl/10.1021/acs.molpharmaceut.8b00258/suppl_file/mp8b00258_si_001.pdf))
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VKDB

:   vitamin K deficiency bleeding

EPC

:   egg phosphatidylcholine (lecithin)

DSPE-PEG 2000

:   1,2-distearoyl-*sn*-glycero-3-phosphoethanolamine-*N*-\[methoxy(polyethylene glycol)-2000\]

MM

:   mixed micelles

BLT-1

:   block lipid transport-1

NPC1L1

:   Niemann-Pick C1-like 1

FBS

:   fetal bovine serum

DLS

:   dynamic light scattering

FACS

:   fluorescence activated cell sorting analysis

TEER

:   trans-epithelial electroresistance

PDI

:   polydispersity index

TEM

:   transmission electron microscopy

HBSS

:   Hank's balanced salt solution

GI

:   gastrointestinal

FaSSGF

:   fasted simulated gastric fluid

FaSSIF

:   fasted simulated intestinal fluid
